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Abstract. In previous our investigations [1, 2], the acceleration of rotating plasma
flow in crossed magnetic fields owing to the momentum transfer between the
macroscopic degrees of freedom for the plasma flow was studied. Based on these results,
we have discussed the acceleration of plasma flow containing the charged macroscopic
particles. The estimates presented make it possible to draw a tentative conclusion
about the axial acceleration of the dusty plasma flows.
1. Introduction
The acceleration of rotating plasma flows consisting of electrons, ions and macroscopic
bodies in crossed electric and magnetic fields is of interest for different technical
applications, including plasma thrusters [1, 2]. Method of acceleration of macroscopic
bodies in rail electrodynamic accelerators based on the transformation of the
electrodynamic energy of the current pulse into kinetic energy due to the action of
the Ampere force on the plasma bunch has the advantage over other methods of
creating high-speed matter flows required for various applications [3]-[4]. In this case,
the magnitude of the achievable rate of throwing macro bodies is determined only by
the processes of accumulation and release of electrical energy: to achieve high speeds,
it is necessary to increase the power of the pulsed current sources used, which has
technical limitations [5]. Another cause limiting the maximum speed is the developing
instability of the plasma piston, which is most strongly manifested when the current in
the accelerator circuit changes [6].
These features are absent in quasistationary plasma-optical systems, e.g. plasma
thrusters. However, in contrast to the rail electrodynamic accelerator, where a powerful
current pulse creates a plasma piston pushing the macroscopic body [7]-[8], here we
should create conditions when macroscopic particles will be entrained by the plasma
flow.
In this paper, we are going to consider this possibility in the scheme of a plasma
accelerator using the acceleration of a rotating plasma flow in crossed magnetic fields
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due to momentum transfer between the macroscopic degrees of freedom of the plasma
flow, which in essence the same as the mechanism in rail electrodynamic accelerators.
2. Schematic of plasma accelerator
In this paper, we will study the opposite limit when the displacement current is
compensated by the conduction current. Such situation may be realized if we can
neglect by the space dependence of a magnetic field. It means that the spatial scales of
the acceleration domain are large enough to escape the influence of the border effects
while the temporal dependence of the magnetic self-field is completely defined by the
azimuthal component of the electric self-field.
Let us investigate this possibility for an already formed collisionless plasma flow
containing electrons, positive singly charged ions and heavy multiply charged negative
particles, applied to an accelerator based on nonequilibrium transfer of momentum
between the macroscopic degrees of freedom of the plasma flow in crossed magnetic
fields of a special type (see Fig. 1(a))[1, 2]. One can make such a configuration of
magnetic fields with the help of a solenoid (Bz0) and permanent magnets (Br0). The
change of axial magnetic flux induces an azimuthal electric field that rotates electron
jeϕ, dust particle jdϕ and ion jiϕ flows in different directions as seen in Fig. 1(a).
The azimuthal electron and ion flows interact with the radial component Br0 via the
Lorentz force, this leads to the axial acceleration of electrons, dust particles and ions in
the same axial direction since the resulting forces jeϕ × Br0 for electron, dust particle
jdϕ × Br0 and ion jiϕ × Br0 are directed in the same direction. Owing to this process,
the transformation of azimuthal momentum transfers into axial momentum. Thus, the
electron, dust particle and ion flows are accelerated in one axial direction.
(a)
(b)
Figure 1. Schematic of electron, ion and macroscopic bodies acceleration region (a).
Accelerator design (b).
This acceleration mechanism for the rotating plasma flow in the external magnetic
fields can be strengthened in the schematic of a thruster concept sketched in Fig. 1(b)
[2]. Here, a gas fuel is injected into the system through the gas inlet. Then, the gas
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flux enters the zone of plasma source where the gas is ionized to create a plasma flux
that would be used to generate thrust. In the present schematic, we have only drawn
the ionization zone without discussing the physical mechanism and construction of the
plasma source since it requires a separate discussion and we hope to return to the issue
in our forthcoming studies.
Thus, it can be noted that the plasma acquires an azimuthal momentum from
the field, and the radial magnetic field transfers it to the axial direction. In
technical realization and physical essence the considered mechanism of acceleration
is close to the mechanism incorporated in the rail eletrodynamic accelerator.
Expected that this configuration of the external magnetic field should enhance the
momentum/energy exchange due to a local quasi-neutrality violation, which leads to
the appearance of a local time-dependent electric field, which provide the redistribution
of momentum/energy in space and time.
3. Model of plasma acceleration
In order to understand the behavior of the flow depicted in Fig. 1, we will study the
following model that considers an azimuthally symmetric plasma where the derivative
vanishes (∂ϕ = 0) but will include the azimuthal components in the electric and magnetic
fields. We propose in the system there is an external spatially homogeneous magnetic
field which depends only on time:
B0 = Br0(t)er +Bz0(t)ez,
where Br0(t) and Bz0(t) are some known functions. Such an external magnetic field
induces an electric field which can possibly rotate electrons and ions in different
directions if the model is successful.
In view of linearity of the Maxwell equations, we can present the total electric and
magnetic fields of the system. Let us assume we have mean values with a perturbation
such as:
E = E0 + E∗
and
B = B0 + B∗,
where the perturbed electric E∗ and magnetic B∗ fields are defined by the dynamic
processes in itself plasma medium described by the standard cold-fluid model in the
dimensionless form:
∂tns +∇(nsvs) = 0, (1)
∂tvs + vs∇vs = µs (E + [vs ×B]) , (2)
where the label s relates to the type of paticles: e relates to the electron fluid, i - to the
ion fluid and d - to the negative charged macroparticle fluid. In this case qe = −e, qi = e
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(in the case of a single-charged plasma surrounding the macroparticle), and qd = −Zde;
µe = −1, µi = me/mi and µd = −Zdme/md. The perturbed fields are defined by
∂tE
∗ = neve + Zdndvd − nivi, (3)
∇E∗ = ni − ne − Zdnd, (4)
∇B∗ = 0, (5)
∇× E∗ = −∂B
∗
∂t
, (6)
where ni is the ion density, ne is the electron density, nd is the dust particle density, Zd
is the dust particle charge number, and vi, ve, vd are the ion, electron and dust particle
fluid velocities respectively.
In order to write these equations in terms of dimensionless variables we used the
initial electron density n0, the initial radius of plasma cylinder R0, the inverse electron
frequency ωpe = (4pin0e
2/me)
1/2, where e is the electric charge, as the natural scale
of all densities, coordinates and time. All velocities are normalized by the R0ωpe, the
electric field is normalized by the 4pien0R0 and the magnetic field is normalized by the
4pien0R0c/(R0ωpe), where c is the light velocity.
From equation of induction (6) written for external magnetic field B0 in integral
form ∫
γ
E0dl = −∂t
(∫
Sγ
B0dS
)
it follows that the external electric field has got only an azimuthal component which is
determined as
Eφ0 = −
r
2
∂tBz0 . (7)
This relation suggests to seek the possible solution of governing set in the form
vs = rAs(t)er + rCs(t)eφ + rDs(t)ez, (8)
where As(t), Cs(t) and Ds(t) are associated with the radial, axial, and azimuthal velocity
components and are still to be determined. Clearly, the simple basis structure proposed
in Eq. (8) is not unique, however, depending on the initial data As(t = 0), Cs(t = 0)
and Ds(t = 0), this relation describes a rich variety of temporal dependences.
Also, supposing that the intrinsic electric field of the system is similar to the velocity
field (8), we can write
E∗ = rεr(t)er + rεφ(t)eφ + rεz(t)ez, (9)
and set
ns = ns(t). (10)
In this case, from (6) it follows that
∂tB
∗
r = 0, ∂tB
∗
ϕ = 0, ∂tB
∗
z = −2εϕ, (11)
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i.e. for the initial conditions
B∗r (t = 0) = B
∗
ϕ(t = 0) = B
∗
z (t = 0) = 0
only the component B∗z may be distinct from zero inside the plasma cylinder and the
one is the function of time. It means that ∇×B∗ ≡ 0. Moreover, substituting (9) and
(10) into Eq. (4) we get the temporal relation between the electron and ion densities
ni = ne + Zdnd − 2εr. (12)
It should be noted that at this point we have given up the routine quasi-neutrality
condition (ni = ne) that may bring about new features of the plasma dynamics.
The relation (12) assumes the current can move radially between the anode and the
cathode. In this case, it becomes possible to generate perturbed electric fields, which
can be responsible for the capture and acceleration of dusty plasma components in the
accelerating structure.
Inserting (10) - (12) into (1)-(6) yields
dns
dt
+ 2nsAs = 0, (13)
dAs
dt
+ A2s − C2s = µs [εr + Cs(Bz0 +B∗z )] , (14)
dCs
dt
+ 2AsCs = µs
[
εφ − 1
2
dBz0
dt
+DsBr0 − As(Bz0 +B∗z )
]
, (15)
dDs
dt
+ AsDs = µs [εz − CsBr0 ] , (16)
dεr
dt
= ne(Ae − Ai) + Zdnd(Ad − Ai)− 2εrAi, (17)
dεφ
dt
= ne(Ce − Ci) + Zdnd(Cd − Ci)− 2εrCi, (18)
dεz
dt
= ne(De −Di) + Zdnd(Dd −Di)− 2εrDi, (19)
∇B∗ ≡ 0, (20)
dB∗z
dt
= −2εφ. (21)
This system of ordinary differential nonlinear equations (13)-(21) is describing the
dynamic of electrons, ions and negatively charged macroscopic particles in crossed
magnetic fields. In previous investigations this system was used for describing of
dynamic processes in two-component plasma flows [1].
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4. Capture and acceleration of macroscopic bodies
To demonstrate the possibility of capture and acceleration of macroscopic particles
contained in a dusty plasma, we consider an argon plasma, consisting massive negative
charging macroscopic particles with weight md = 10
3mp, where mp - the proton mass
[9]-[15]. We took the initial electron dencity value ne0 = 10
16 sm−3, and initial rations
of ions and macroparticles were ni0/ne0 = 1, 01 and nd0/ne0 = 10
−5 respectively. These
rations of dencities of the dusty plasma components is typical for experiments, where
the charging process of macroparticles depends on mobility of electrons and ions [9]-
[19]. In this case an estimate of cluster size a = 6, 068 × 10−9 m and the value of its
negative charge Zd = 998, 26e, obtained for a locally equilibrium plasma, coincide with
experimental values [9]-[19].
First in the calculations was taken into account the dependence of the axial velocity
of the components of the dusty plasma on the external axial magnetic field. In these
calculations the permanent radial magnetic field was directed into the plasma cylinder,
which requires Br0 = −1.The initial velocitiies of electrons, ions and macroparticles were
next: Ae(0) = Ai(0) = Ad = −10−2, i.e. the radial velocity components were directed
into the plasma cylinder, −Ce(0) = −Cd = Ci(0) = 10−3 and De(0) = Di(0) = Dd =
10−1. The initial values of the perturbed electric fields were εr(0) = 0, εφ(0) = 0 and
εz(0) = 0, and the initial value of the perturbed axial magnetic field was B
∗
z (0) = 0.
(a) (b)
Figure 2. Temporal dependence of De (curve 1), Di (curve 2) and Dd (curve 3) for
Ae(0) = Ai(0) = Ad = −10−2, −Ce(0) = −Cd = Ci(0) = 10−3 for the case Br0 = −1
and Bz0 = 1 (a) and for the case Br0 = −1 and Bz0 = −0.25t (b).
In Fig. 2(a) the axial velocities for electron De, ion Di and macroparticles Dd
fluids plotted when Br0 = −1 and Bz0 = 1, i.e. when the external axial magnetic field
is permanent over the entire time interval of acceleration, and in Fig. 2(b) the same
dependeces are presented for the case, when Br0 = −1 and Bz0 = −0, 25t, i.e. when
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external axial magnetic field is a constantly decreasing linear function of time.
Also, the dependence of the axial velocities of the dust plasma components on
the magnitude of the radial velocity component was studied. In this case we took the
following values of initial radial velocitiy components: Ae(0) = Ai(0) = −10−2 and
Ad = −7 × 10−3. The initial values of the azimuthal and axial velocity components
were: −Ce(0) = −Cd = Ci(0) = 10−3 and De(0) = Di(0) = Dd = 10−1. The initial
values of the perturbed electric fields were εr(0) = 0, εφ(0) = 0 and εz(0) = 0, and the
initial value of the perturbed axial magnetic field was B∗z (0) = 0. In Fig. 3(a) the axial
velocities for electron De, ion Di and macroparticles Dd fluids plotted when Br0 = −1
and Bz0 = 1, and in Fig. 3(b) the same dependecies are presented for the case, when
Br0 = −1 and Bz0 = −0, 25t.
(a) (b)
Figure 3. Temporal dependence of De (curve 1), Di (curve 2) and Dd (curve 3) for
Ae(0) = Ai(0) = −10−2, Ad = −7× 10−3, −Ce(0) = −Cd = Ci(0) = 10−3 for the case
Br0 = −1 and Bz0 = 1 (a) and for the case Br0 = −1 and Bz0 = −0.25t (b).
Namely, these dependencies illustrate what tipically occurs with the flow dynamics
when the value Bz0 changes the charachter from permanent on a time function. As is
seen from these graphs, in these configuration of magnetic fields each component of a
dusty plasma is accelerated in axial direction. Here we observe the strong growth of
axial velocities in the electron scale of time. In particular, it means that there is a weak
influence of the collision phenomena on the momentum transfer if the character electron
time is less than the corresponding characteristic collision time. Hence we can always
find such plasma parameters and we may use the approximation of cold hydrodynamics
for description of such processes. On the other hand, it can be noted that the radial
velocity component exerts the strongest influence on the rate of axial acceleration of the
macroscopic particles. This feature is required the further investigations.
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5. Conclusion
In this paper, we considered the case of macroparticle acceleration for an already formed
collisionless plasma flow containing electrons, positive singly charged ions and heavy
multiply charged negative macroparticles in the accelerator based on nonequilibrium
transfer of momentum between the macroscopic degrees of freedom of the plasma flow
in crossed magnetic fields of a special type (see Fig. 1(?)). A hydrodynamic model of the
acceleration of a plasma flow containing electrons, protons and heavy multiply charged
negative dust particles is proposed [see (13)-(21)]. This nonlinear model constructed on
the basis of the equations of cold hydrodynamics using substitutions (8), (9) and (10)
allowed us to find the initial conditions under which the capture and acceleration of
macroscopic particles takes place. These processes are caused by the action of external
and intrinsic fields, which arise due to a local violation of quasineutrality [see (12)].
Thus, in this paper we propose a new scheme for the acceleration of macroscopic bodies
and the principal possibility of accelerating dust particles is shown.
Here, we have restrict our consideration to the pure dynamical issue of the rotating
plasma flow in the crossed magnetic fields. We don’t discus the way to create the external
magnetic fields of a desired form, we don’t explore the process of plasma creation.
However, even when the parameters are beyond the range of the model workability, the
present conception of energy/momentum exchange may exist. Also, we would like to
point out that the process of plasma production can be achieved by radial alternating
electric field to propel a plasma discharge. However, in this case one should take into
account the coupling of ionization processes and nonlinear plasma oscillations [20]. This
may be used with a transformation of energy/momentum radial oscillations directing
into the axial direction by the plasma inhomogeneity with nonlinear coupling among
the electron and ion flow components and oscillations [21]-[25].
The present paper may be considered as a prerequisite to other more complete
treatment for dynamics of rotating plasma flows in crossed non-stationary magnetic
fields in the application to plasma thrusters.
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